Magnetic molecules are potential functional units for molecular and supramolecular spintronic devices. However, their magnetic and electronic properties depend critically on their interaction with metallic electrodes. Charge transfer and hybridization modify the electronic structure and thereby influence or even quench the molecular magnetic moment. Yet, detection and manipulation of the molecular spin state by means of charge transport, i.e. spintronic functionality, mandates a certain level of hybridization of the magnetic orbitals with electrode states. Here we show how a judicious choice of the molecular spin centres 1
determines these critical molecule-electrode contact characteristics: In contrast to late lanthanide analogues, the 4f -orbitals of single bis(phthalocyaninato)-neodymium(III) (NdPc 2 ) molecules adsorbed on Cu(100) can be directly accessed by scanning tunnelling microscopy.
Hence, they contribute to charge transport, while their magnetic moment is sustained as evident from comparing spectroscopic data with ab initio calculations. Our results showcase how tailoring molecular orbitals can yield all-electrically controlled spintronic device concepts.
Molecular spintronics combines the auspicious characteristics of molecular electronics 1, 2 and spintronics 3 to exploit the rich diversity and functionality of molecules and the spin degree of freedom for novel nanoelectronic device concepts [4] [5] [6] . An effective approach to molecular spintronics is the investigation of discrete magnetic molecules in contact with metallic leads 7 . In this context lanthanide (Ln)-based bis(phthalocyaninato)-Ln(III) complexes (LnPc 2 ) represent a promising class of stable and redox-active molecules. For instance, the magnetic properties of TbPc 2 were investigated on non-magnetic [8] [9] [10] as well as magnetic 11, 12 surfaces. However, the 4f -electrons in the late Ln such as e.g. Tb or Dy lie deep in energy and are spatially localized around the nucleus and thus do not contribute to charge transport. Access to the 4f -states in charge transport experiments thus requires them to be closer to the Fermi level and less localized so as to hybridize with the molecular orbitals of the ligands, all of which are met only for the early Ln. Of similar importance is the modification of the electronic structure and notably the magnetism of a magnetic molecule caused by the adsorption on a electrode [13] [14] [15] [16] [17] [18] . Here we address these key issues and present the results of a combined experimental and theoretical study of NdPc 2 adsorbed on the Cu(100) sur- 
Results
Adsorption configuration of NdPc 2 on Cu(100). The approximately D 4d -symmetric doubledecker structure of the NdPc 2 molecule is shown in Fig. 1(a) . One of the two Pc ligands chemisorbs the molecule in a flat geometry on the Cu(100) surface, while the second Pc, exposed to vacuum, retains its molecular-type electronic features. Figure 1 Fig. 1(a) ]. In our STM studies, the two adsorption configurations A and A* are observed as equivalent and exhibit identical electronic features. In the following, we focus on NdPc 2 molecules in the adsorption configuration A shown in Fig. 1(c) .
The NdPc 2 molecule appears in STM topography images as an eight-lobe shape with a fourfold symmetry as previously observed for late lanthanide double-decker species 8, 9 . The STM image mainly reflects the charge distribution of the upper Pc ring. Each two-lobe feature is attributed to one benzene subgroup 8 and is also observed in STM images of non-coordinated Pc molecules on insulating surfaces 21 . This similarity indicates that for NdPc 2 /Cu(100) the chemisorption does For the same spectrum, the dI/dV shoulder measured for V bias = 1.25 V perfectly matches the calculated PDOS for the unoccupied Nd spin-down 4f -states at the same energy. As a result, in contrast to previously studied late-LnPc 2 complexes 9, 12 , the Nd 4f -states can directly be accessed by STM.
Similarly, we obtain good agreement between the dI/dV shoulder measured at the ligand Overall, the ability of the external electric field to shift the energetic position of the hybrid molecule-surface states with molecular character at the upper Pc ring is another specific aspect of the Nd 3+ coordination to this ring, which is primarily due to an electrostatic interaction modulated with a weak, yet significant hybridization between the 4f and the ligand states. Notably, the inclusion of the electric field in our DFT simulations barely modified the energy position and the magnetic moment of the Nd 4f -states since they are spatially localized around the Nd core. This is also valid for the states of the lower Pc ring, which are strongly hybridized 17 with the Cu states.
Comparison of measured and calculated dI/dV maps. A direct contribution of the 4f -states to the tunnelling current is further evidenced by the remarkable agreement between the experimental and simulated topography images as well as the corresponding dI/dV maps shown Fig. 4 .
Topography images correspond to isosurfaces of the LDOS integrated over all states between E F and eV bias , rendering simulated topography images rather robust. In contrast, the dI/dV maps represent only very few states in a narrow energy interval and thus are highly susceptible to small changes to relevant states. Note that the simulated dI/dV maps are evaluated at the isosurface of the corresponding topography image without further adjustments. Hence, our conclusions are 
Discussion
In contrast to extensively studied analogous systems comprising late lanthanides, the spin-polarized 4f -states are directly involved in electrical transport through NdPc 2 molecules in contact with a Cu(100) surface. The Nd 4f -states are unambiguously identified based on their spectral position and spatial features by comparing scanning tunnelling spectroscopy and ab initio calculations.
They are highly spin-polarized and thus carry the spin magnetic moment of the electrode-adsorbed molecule. Accessing these states by means of transport is expected to be a general feature of early Ln-based molecular magnets, where the 4f -states are closer to the Fermi level and can be adjusted via coordination and surface interactions. This strategy opens up prospects for electrical manipulation and detection of the molecular spin state, providing the foundation for all-electrically controlled device concepts in molecular spintronics.
Methods
Molecule synthesis. NdPc 2 22, 23 was prepared using the procedure reported by Weiss and coworkers for the lutetium analogue 24 and used by Yamashita and coworkers for the terbium, dysprosium and yttrium complexes [25] [26] [27] , with modified purification steps. Phthalonitrile washed with 50 mL acetic anhydride, 10 mL ice-cold acetone and 10 mL pentane, then extracted with chloroform (10 × 200 mL). The resulting green solution was evaporated to yield 320 mg dark green solid, which was purified by HPLC using 1% methanol in dichloromethane as eluent to yield dark green NdPc 2 (retention time 6.2 min, 13 mg, 11 µmol, 0.3% yield). HPLC was performed on a Waters HPLC system with photodiode array detector equipped with a 250 × 20 mm ProntoSIL 9 120-10-Si preparative column (10 µm silica particles with a 120Å pore size). The rate flow of the eluent was 10 mL·min −1 . Alternatively, purification could be accomplished by two successive chromatography columns on silicagel using first 2%, then 1% methanol in dichloromethane as eluent. The purity of the product was ascertained by IR 19 , ESI-MS (m/z = 1168.2 Da, M + ) and UV-vis (ε 678 nm = 2.10 5 M −1 ·cm −1 in dichloromethane 28 ). Transmission IR spectra (KBr pellets) were recorded on a Bruker Vertex 70 spectrometer. ESI-MS was recorded on the positive mode on a methanol-dichloromethane solution acidified with trifluoroacetic acid using a ThermoFisher Scientific LTQ-Orbitrap XL spectrometer. UV-visible absorption spectroscopy was performed on an Analytik Jena Specord S600 spectrometer. Note that the synthesis yields of NdPc 2 were consistently much lower than those for late-lanthanide analogues, e.g. DyPc 2 , for which we reached the reported values without difficulty. The increased difficulty in obtaining LnPc 2 complexes for early lanthanides was already recognized 25 years ago 19 ; the increasing size of the central ion leads to a decrease of the metal-to-ligand interaction, favouring the formation of the monophthalocyanine complexe PcNd(OAc) 3 19 and the triple-decker species Ln 2 Pc 3 29 .
Experiments. The experiments have been carried out in a multichamber UHV system comprising a preparation chamber for substrate cleaning and molecule deposition and an STM operating at Calculations. Spin-polarized first-principles total-energy calculations have been carried out in the framework of the density functional theory (DFT) 30 in the Kohn-Sham formulation 31 by using the projector augmented wave method 32 as implemented in the VASP code 33, 34 . In our study, we used the Perdew-Burke-Ernzerhof (PBE) 35 
